Introduction
Cripto (Cripto-1, TDGF1) is an extracellular, glycosylphosphatidylinositol-anchored signaling protein with important roles during embryonic development, stem cell function and cancer progression Adewumi et al., 2007) . Although Cripto expression is generally low or absent in normal adult tissues, it is found at high levels in many human tumors and its overexpression promotes various tumorigenic attributes including cellular proliferation, migration and epithelialto-mesenchymal transition (EMT; Strizzi et al., 2005) . Cripto transgenic mice were shown to develop mammary tumors (Strizzi et al., 2004; Wechselberger et al., 2005) and monoclonal antibodies targeting Cripto reduced the growth of tumor xenografts in nude mice (Adkins et al., 2003; Xing et al., 2004) .
Cripto exerts its biological effects, in part, by modulating the signaling of transforming growth factor-b (TGF-b) superfamily members that activate the Smad2/3 pathway. These ligands induce assembly of serine/threonine kinase transmembrane receptors (type I and type II) and trigger activation of the type I receptor kinase, which phosphorylates cytoplasmic Smad2/3 proteins. On phosphorylation, Smads 2/3 translocate to the nucleus where they regulate transcription of target genes (Shi and Massague, 2003) . Cripto has been shown to directly bind the type I receptors ALK4 (Yeo and Whitman, 2001 ) and ALK7 (Reissmann et al., 2001) and is an obligatory coreceptor for certain TGF-b ligands such as Nodal (Shen, 2007) . This Cripto coreceptor function is essential during embryogenesis and it has also been implicated in promoting tumor growth because Nodal plays a key role in promoting tumorigenicity of human melanoma and breast cancer cells (Topczewska et al., 2006; Postovit et al., 2008) . In contrast to its role as a Nodal coreceptor, Cripto inhibits activin signaling (Adkins et al., 2003; Gray et al., 2003; Kelber et al., 2008) and cytostatic TGF-b1 effects (Gray et al., 2006; Shani et al., 2008; Shukla et al., 2008) .
In addition to its role as a modulator of Smad2/3 signaling, soluble forms of Cripto also activate ras/raf/ mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)/Akt pathways via c-Src leading to the designation of Cripto as a tumor growth factor Strizzi et al., 2005) . The extracellular proteoglycan glypican-1 was shown to be required for this Cripto tumor growth factor activity but the receptor mechanism involved remains to be fully characterized. Interestingly, this pathway was shown to be independent of ALK4 and Nodal (Bianco et al., 2002) , suggesting that Cripto regulates Smad2/3 and MAPK/PI3K pathways via separate, nonoverlapping mechanisms. In an effort to further characterize Cripto signaling, we recently conducted a screen aimed at identifying novel Cripto binding proteins that led to the identification of glucose-regulated protein 78 (GRP78; Shani et al., 2008) . GRP78 is an ER chaperone in the heat shock protein 70 (HSP70) family that is highly expressed in tumors and that promotes tumor cell survival, chemoresistance and malignancy (Lee, 2007; Dong et al., 2008) . Notably, GRP78 is localized to the plasma membrane of tumor cells where it has receptor-like functions associated with increased cellular proliferation, motility and survival (Misra et al., 2004 (Misra et al., , 2006 Philippova et al., 2008) .
In this study, we provide evidence indicating that Cripto binding to cell surface GRP78 is a necessary upstream event that mediates Cripto signaling via both MAPK/PI3K and Smad2/3 pathways. Importantly, blockade of this interaction precludes oncogenic Cripto effects, including increased cell proliferation, downregulation of E-Cadherin, decreased cell adhesion and promotion of pro-proliferative responses to activin-A and Nodal.
Results
Cripto and GRP78 cooperatively regulate activin/Nodal/ TGF-b signaling To test the function of the cell surface Cripto/GRP78 complex, we generated NCCIT cell populations stably expressing shRNAs targeting Cripto and/or GRP78. These shRNAs specifically reduced endogenous Cripto and GRP78 protein levels in total cell lysates ( Figure 1a ) and at the cell surface ( Figure 1b) . As shown in Figure 1c , activin-A-induced Smad2 phosphorylation was enhanced by Cripto knockdown consistent with our previous demonstration that Cripto overexpression inhibits activin-A signaling (Gray et al., 2003; Kelber et al., 2008) . Interestingly, activin-A-dependent Smad2 phosphorylation was similarly increased in GRP78 knockdown cells and also in cells with both Cripto and GRP78 knocked down (Figure 1c) . By contrast to its effects on activin-A signaling, knockdown of Cripto reduced Nodal-dependent Smad2 phosphorylation, consistent with the requirement of Cripto as a Nodal coreceptor (Figure 1d ). Knockdown of GRP78 alone appeared to cause a modest inhibition of Nodal signaling whereas knockdown of Cripto and GRP78 together inhibited Nodal signaling to a greater extent than knockdown of either Cripto or GRP78 alone ( Figure 1d ).
Next, we tested whether Cripto and GRP78 cooperatively regulate activin-A, activin-B, Nodal and TGF-b1 induction of a Smad2-responsive luciferase reporter construct. As shown in Figure 1e , shRNA knockdown of either Cripto or GRP78 expression caused a modest but significant increase in activin-A, activin-B and TGFb1 signaling. By contrast, shRNA knockdown of Cripto significantly decreased Nodal signaling (Figure 1e) . Notably, knockdown of Cripto and GRP78 together caused activin-A, activin-B and TGF-b1 signaling to be enhanced to a greater extent than knockdown of either protein alone and reduced Nodal signaling to undetectable levels (Figure 1e) . Importantly, the Cripto shRNA exerted its effects by specifically blocking Cripto expression because a nontargeted form of Cripto rescued its effects on TGF-b1, activin-A and Nodal signaling ( Figure 1f ). As Nodal-dependent luciferase induction was relatively weak in NCCIT cells, we used the same Smad2-dependent reporter system in 293T cells that express cell surface GRP78 but lack endogenous Cripto (Yan et al., 2002) . In the presence of transfected Cripto, Nodal signaling was enhanced by GRP78 overexpression (Figure 1g ) and was attenuated when endogenous GRP78 was knocked down (Figure 1h ). Together, these results indicate that Cripto and GRP78 cooperatively regulate signaling via activin-A, activin-B, TGF-b1 and Nodal.
An antibody targeting the Cripto binding site on GRP78 inhibits Cripto modulation of activin/Nodal/TGF-b signaling The antibody we have used to detect cell surface GRP78 (N-20; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) has been reported to block cell surface GRP78 receptor function (Davidson et al., 2005; Philippova et al., 2008) and we tested whether it blocks Cripto signaling via activin/Nodal/TGF-b ligands. As shown in Figure 2a , treatment of NCCIT control cells with this N-20 antibody increased activin-A, activin-B and TGFb1 signaling and decreased Nodal signaling resembling the effect of Cripto or GRP78 knockdown (Figure 1e) . This antibody appears to exert its effects by disrupting the cell surface GRP78 complex because it had no effect on cells in which either GRP78 (Figure 2b ) or Cripto ( Figure 2d ) was knocked down. Also, the fact that the GRP78 shRNA blocks the effects of this immunoneutralizing GRP78 antibody on activin-A, activin-B, TGFb1 and Nodal signaling (Figure 2b ) indicates that this shRNA acts by specifically blocking GRP78 expression.
The ability of the N-20 antibody to inhibit Cripto signaling, suggested that Cripto and the N-20 antibody compete for binding to GRP78. To test this, we generated a GRP78 mutant (D19-68 GRP78; Figure 2d ) lacking the N-20 epitope and tested its ability to bind Cripto. As predicted, this GRP78 mutant did not bind the N-20 antibody (Figure 2e ) and, importantly, it was also unable to bind Cripto (Figure 2f ). These data indicate that the N-20 antibody and Cripto share a binding site on GRP78 and suggest that they may compete for GRP78 binding.
Cripto regulates proliferation, differentiation and pluripotency in hES cells (Minchiotti, 2005) and we tested whether GRP78 colocalizes with Cripto and regulates Cripto function in these cells. GRP78 and Cripto are both expressed at the surface of intact H9 hES cells (Figure 2g ) where they colocalize as indicated Lysates from 293T cells transfected with the indicated constructs were subjected to immunoprecipitation and western blotting using anti-HA, antiFlag and anti-GRP78 antibodies as indicated. H9 human ES cells were subjected to intact cell ELISA (g) or immunofluorescence (h) using the indicated antibodies. In (h), anti-Cripto staining is green, anti-GRP78 staining is red and anti-E-Cadherin is blue. (i) H9 ES cells were treated with activin-A or Nodal following anti-GRP78 treatment as indicated and resulting levels of phospho-Smad2 (pSmad2) and Smad2 were measured by western blot using pSmad2 and Smad2 antibodies. ns means not significant; *Po0.01; ***Po0.001.
by immunostaining using antibodies specifically targeting Cripto, GRP78 and the cell surface marker E-Cadherin (Figure 2h ). This association has functional relevance because treatment of H9 hES cells with the N-20 antibody increased Smad2 phosphorylation in response to activin-A and decreased Smad2 phosphorylation in response to Nodal (Figure 2i ). Together, these results in NCCIT cells and H9 hES cells demonstrate that Cripto and the N-20 antibody share the same binding site on GRP78 and that knockdown or immunoneutralization of cell surface GRP78 disrupts Cripto effects on Smad2/3 signaling.
Cripto signaling via cell surface GRP78 promotes MAPK/PI3K signaling and mitogenesis in NCCIT cells We used NCCIT cells expressing Cripto and/or GRP78 shRNAs to test if GRP78 is required for Cripto-induced activation of MAPK and PI3K pathways. As shown in Figure 3a , control cells had high basal phospho-Akt levels that were unaffected by Cripto treatment. By contrast, basal phospho-Akt levels were drastically reduced in cells expressing Cripto and/or GRP78 shRNAs. However, Cripto treatment completely and dose dependently rescued Akt phosphorylation in Cripto shRNA cells but had little if any effect on Akt phosphorylation when GRP78 was knocked down, either alone or in combination with Cripto. Consistent with the role of PI3K in activating Akt in response to Cripto, Cripto-induced phosphorylation of Akt was blocked by the PI3K inhibitor, LY294002, and therefore, depended on PI3K activation (Figure 3a ). The effects of Cripto and/or GRP78 knockdown on Akt phosphorylation in NCCIT cells appeared to be specific to Cripto signaling because stable expression of Cripto and/or GRP78 shRNAs did not affect insulin-dependent Akt phosphorylation ( Figure 3b ).
We further tested the effects of Cripto and/or GRP78 knockdown on Cripto-induced phosphorylation of extracellular signal-regulated kinase (ERK)1/2. As shown in Figure 3c , basal ERK1/2 phosphorylation was high in control NCCIT cells and unaffected by Cripto treatment suggesting that endogenous Cripto levels are sufficient for maximal Cripto-dependent activation of this pathway. By contrast, basal phospho-ERK1/2 was undetectable in Cripto knockdown cells and treatment of these cells with Cripto caused pronounced phosphorylation of ERK2 (p42). This observation is consistent with the previous demonstration that soluble Cripto triggers ERK2 phosphorylation in mammary epithelial cells (Kannan et al., 1997) . Similar to Cripto knockdown cells, basal phospho-ERK levels were very low in cells expressing GRP78 shRNA. However, Cripto treatment of these cells was unable to stimulate ERK phosphorylation, suggesting that GRP78 is required for Cripto-dependent activation of the MAPK pathway (Figure 3c) . Consistent with the role of MAPK/ERK kinase (MEK) in activating ERK in response to Cripto, Cripto-induced phosphorylation of ERK1/2 was blocked by the MEK inhibitor, PD98059 (Figure 3c) .
Previous studies have shown that Cripto activates MAPK and PI3K pathways via c-Src . As shown in Figure 3d , Cripto treatment caused c-Src activation in NCCIT cells stably expressing Cripto shRNA. By contrast, Cripto treatment had no effect on c-Src activation in cells in which Cripto and GRP78 were both knocked down indicating that GRP78 is required for this effect. Inhibitors of PI3K and MAPK had no effect on Cripto-dependent c-Src activation ( Figure 3d ) consistent with previous studies demonstrating c-Src activation by Cripto is upstream of activation of MEK/ERK and PI3K/Akt .
Next, we tested whether soluble Cripto promotes proliferation of NCCIT cells in a GRP78-dependent manner. As shown in Figure 3e , the basal proliferation rate of control NCCIT cells was unaffected by soluble Cripto treatment, consistent with our data showing that Cripto treatment has no effect on MAPK/PI3K signaling in these cells. By contrast, Cripto and/or GRP78 knockdown reduced basal NCCIT cell proliferation and, importantly, soluble Cripto treatment rescued proliferation of Cripto knockdown cells but had no effect on cells in which GRP78 was knocked down either alone or in combination with Cripto ( Figure 3e ). This result indicates that, similar to its effects on MAPK/ PI3K pathways, the pro-proliferative effect of Cripto is GRP78-dependent.
As the GRP78 antibody (N-20) and Cripto share overlapping binding sites on GRP78, we hypothesized that this antibody may also affect Cripto-induced MAPK/PI3K signaling and mitogenic effects. Initially, we tested the ability of this antibody to compete with soluble Cripto for binding to NCCIT cells Figure 2f , these data indicate that Cripto and the N-20 antibody directly compete for binding to the same N-terminal site on GRP78. This is further supported by the ability of this GRP78 antibody to inhibit Cripto-dependent Akt phosphorylation in NCCIT cells without affecting Akt phosphorylation caused by epidermal growth factor treatment (Figure 3g) . Finally, Figure 3h further shows that the N-20 antibody completely blocked the pro-proliferative effect of Cripto treatment. Together, these data indicate that Cripto binding to cell surface GRP78 is required for both Criptodependent MAPK/PI3K signaling and mitogenic effects in NCCIT cells.
Cripto binding to cell surface GRP78 mediates oncogenic Cripto effects in human mammary epithelial cells To test the role of cell surface GRP78 on Cripto signaling in human mammary epithelial cells, we generated MCF10A cell lines containing empty vector or a Cripto expression vector. As shown in Figure 4a , control cells had undetectable levels of Cripto expression whereas Cripto cells had high levels of Cripto expression. Importantly, GRP78 was surface exposed in MCF10A control cells (Figure 4b ) and treating them with the GRP78 N-20 antibody competitively blocked 125 I-Cripto binding (Figure 4c ). Treating MCF10A control cells with Cripto also caused phosphorylation of Akt (Figure 4d ) and c-Src (Figure 4e ) and these effects were inhibited by treatment of cells with GRP78 antibody (Figures 4d and e) . In addition, Cripto overexpression (Figure 4f ) or Cripto treatment (Figure 4g ) caused increased proliferation of MCF10A control cells that was blocked by the N-20 antibody. Cripto causes migration and invasion of mammary epithelial cells and promotes downregulation of ECadherin expression and EMT (Strizzi et al., 2004 . As shown in Figure 4h , either Cripto overexpression or Cripto treatment caused downregulation of E-Cadherin in MCF10A cells that was blocked by the N-20 antibody. Furthermore, this N-20 block was reversed by cotreatment with excess soluble Cripto, providing further evidence that Cripto and the N-20 antibody compete for GRP78 binding (Figure 4h ). Cripto overexpression caused the appearance of MCF10A cells to switch from being epithelial to fibroblastic/mesenchymal in nature (Figure 4i ). Strikingly, although treatment of control cells had no effect on morphology, treatment of Cripto overexpressing cells with GRP78 antibody caused them to revert back to having an appearance similar to control cells, that is, cobblestone/epithelial in nature (Figure 4i ). Cripto overexpression also reduced adhesion of MCF10A cells by B50% in a manner that was reversed by GRP78 antibody (Figure 4j ). Altogether, these data demonstrate that antibody disruption of the cell surface Cripto/ GRP78 complex blocks multiple oncogenic Cripto effects in MCF10A cells.
The cell surface interaction between Cripto and GRP78 facilitates pro-proliferative effects of activin-A and Nodal
We have shown that GRP78 mediates Cripto regulation of activin-and Nodal-induced Smad2 signaling (Figures 1 and 2 ) and here we tested how cell surface Cripto/GRP78 complexes impact activin-A-and Nodalinduced effects on cellular proliferation. As shown in Figure 5a , activin-A and Nodal both increased proliferation of control NCCIT cells whereas activin-A had cytostatic effects and Nodal had no effect on NCCIT cells when Cripto and/or GRP78 were knocked down. As shown in Figure 5b , the N-20 antibody had an effect similar to that of Cripto and/or GRP78 knockdown because it blocked the pro-proliferative effects of activin-A and Nodal and caused activin-A to become cytostatic in nature. We conducted parallel proliferation studies in MCF10A cells and, as shown in Figure 5c , activin-A substantially inhibited proliferation of MCF10A control cells whereas Nodal had no effect, consistent with the lack of detectable Cripto expression in these cells (Figure 4a ). By contrast, MCF10A cells overexpressing Cripto had an increased rate of proliferation relative to control cells and were no longer growth inhibited by activin-A. Rather, activin-A and Nodal each increased proliferation of these cells (Figure 5c ). Thus, adding exogenous Cripto to MCF10A cells caused them to resemble NCCIT cells. Consistent with this, treatment of Cripto-expressing MCF10A cells with the N-20 antibody blocked the pro-proliferative effects of activin-A and Nodal and caused activin-A to revert to its antiproliferative status (Figure 5c ). Together, these data demonstrate that the cell surface interaction between Cripto and GRP78 facilitates pro-proliferative responses to both activin-A and Nodal whereas disruption of this complex blocks Nodal effects and causes activin-A to become an antiproliferative cytokine.
Cripto binding to cell surface GRP78 promotes the tumorigenic phenotype Our data support a model in which the cell surface Cripto/GRP78 complex acts as a signaling node that Resulting cell lysates were subjected to western blot using phospho-Akt or Akt antibodies (d) or immunoprecipitation with anti-phospho-Tyr (pTyr) antibody and western blotting with antiphospho-Src (pSrc, Y416) or anti-Src antibodies (e) as indicated. MCF10A cells infected with either empty vector or Cripto (f) or with empty vector (g) were treated with soluble Cripto, IgG and/or anti-GRP78 as indicated. Cells were grown for 8 days and proliferation was measured using the CyQuant proliferation assay kit. MCF10A cells infected with empty vector or Cripto were treated with soluble Cripto after pretreatment with IgG or anti-GRP78 as indicated. Cell lysates were analysed by western blot using E-Cadherin and actin antibodies (h). Alternatively, cell morphology was imaged using brightfield microscopy (i). (j) MCF10A cells infected with empty vector or Cripto were pre-treated with IgG or anti-GRP78, plated and allowed to adhere. Resulting cell adhesion was quantified using the CyQuant adhesion assay. ***Po0.001.
promotes the tumor phenotype (Figure 6a ). According to this model, Cripto and GRP78 cooperatively inhibit cytostatic Smad2/3 signaling in response to activin and TGF-b and cause activin, Nodal and TGF-b to adopt pro-proliferative effects. Concurrently, GRP78 mediates Cripto-dependent activation of c-Src, ERK and Akt, increased cellular proliferation, decreased E-Cadherin expression and decreased cell adhesion. Importantly, we have shown that an antibody targeting GRP78 disrupts the cell surface Cripto/GRP78 complex and inhibits oncogenic Cripto signaling via c-Src/MAPK/PI3K and Smad2/3 pathways (Figure 6b ).
Discussion
Independent lines of evidence have established Cripto and GRP78 as critical survival/pro-proliferation factors during normal developmental processes and cancer progression Lee, 2007) . For example, both Cripto and GRP78 (Lee, 2007; Dong et al., 2008) increase malignancy and provide a competitive growth advantage to tumor cells by increasing tumor cell survival, proliferation and angiogenesis. Here we provide a novel functional link between these proteins and show that targeted disruption of the cell surface Cripto/GRP78 complex bocks oncogenic Cripto signaling via MAPK/PI3K and Smad2/3 pathways. We further demonstrate that blocking GRP78 inhibits the ability of Cripto to promote cellular proliferation and to decrease E-Cadherin expression and cell adhesion. We draw this evidence from human embryonal carcinoma, embryonic stem and mammary epithelial cells suggesting a broad range of biological functions for the Cripto/GRP78 complex.
Although generally restricted to the lumen of the ER in normal tissues, GRP78 is localized to the cell surface of tumor cells and has been identified as a tumor-specific antigen in primary human breast and prostate cancer samples (Arap et al., 2004; Jakobsen et al., 2007) . In addition, GRP78 antibodies were found in the serum of prostate cancer patients and shown to serve as a biomarker of increased cancer aggressiveness (Arap et al., 2004) . Cell surface GRP78 has also been validated as a tumor-selective target because chimeric peptides composed of GRP78 binding motifs fused to an apoptosis-inducing sequence inhibited tumor growth in mouse models of prostate and breast cancer (Arap et al., 2004; Liu et al., 2007) . Importantly, cell surface GRP78 appears to have an oncogenic function because it mediates activation of MAPK and PI3K pathways after binding a2-macroglobulin in 1-LN prostate carcinoma cells resulting in pro-proliferative and antiapoptotic behavior (Misra et al., 2006) . T-Cadherin binding to cell surface GRP78 was also shown to have an essential role Figure 5 The cell surface interaction between Cripto and glucose-regulated protein-78 (GRP78) facilitates pro-proliferative effects of activin and Nodal. NCCIT cells infected with empty vector, Cripto and/or GRP78 shRNAs (a and b) and MCF10A cells infected with empty vector or Cripto (c) were left untreated or treated with activin-A or Nodal in the absence or presence of immunoglobulin G (IgG) or anti-GRP78 as indicated. Cells were grown for an additional 8 days and proliferation was measured using the CyQuant proliferation assay kit. ***Po0.001; **Po0.005; *Po0.01.
in mediating survival signal transduction via Akt in endothelial cells (Philippova et al., 2008) . In addition, tumorigenesis and Akt activation resulting from Pten loss in prostate epithelium is blocked by prostatespecific disruption of GRP78 expression (Fu et al., 2008) , consistent with the ability of cell surface GRP78 to initiate Akt signaling.
Our discovery that GRP78 mediates Cripto modulation of multiple TGF-b superfamily members suggests that surface-exposed GRP78 may serve as an anchor or scaffold that allows Cripto to adopt a conformation or an orientation necessary for its functional interaction with these ligands and their receptors. By contrast, our demonstration that GRP78 mediates Cripto-dependent activation of c-Src and MAPK/PI3K pathways resembles previous findings suggesting GRP78 can operate as a cell surface signaling receptor (Misra et al., 2006; Philippova et al., 2008) . Alternatively, cell surface GRP78 may indirectly couple Cripto to c-Src, MAPK and PI3K activation as a critical component of a larger protein complex, possibly involving other proteins that have been implicated in Cripto signaling such as glypican-1 , ErbB4 (Bianco et al., 1999) and/or Tomoregulin-1 (Harms and Chang, 2003) . We previously reported that the CFC domain of Cripto binds GRP78 and we have shown here that the extreme N terminus of GRP78 is required for Cripto binding. Interestingly, T-Cadherin (Philippova et al., 2008) and a2-macroglobulin (GonzalezGronow et al., 2006) also bind cell surface-exposed GRP78 near its N terminus suggesting these proteins and Cripto may share a common mode of activating GRP78 receptor function. Importantly, although the exact mechanism of GRP78-mediated Cripto signaling remains to be fully elucidated, our data clearly demonstrate that Cripto binding to cell surface GRP78 is required for oncogenic Cripto signaling.
Our results show that shRNA knockdown of Cripto and/or GRP78 or antibody blockade of GRP78 in NCCIT cells enhances activin-A, activin-B and TGF-b1 signaling while inhibiting Nodal signaling. These data represent the first demonstration that endogenously expressed Cripto inhibits activin signaling and confirm our previous demonstration that endogenous Cripto blocks signaling by TGF-b1 (Gray et al., 2006) . Knockdown of Cripto and GRP78 together affected the signaling of these TGF-b ligands to a greater extent than knockdown of either protein alone indicating Cripto and GRP78 function cooperatively. In support of this, a GRP78 blocking antibody that disrupts Cripto/GRP78 binding abolished Cripto-dependent effects on signaling by activin/Nodal/TGF-b ligands. As Cripto-dependent Nodal signaling has essential functions during early embryogenesis (Shen, 2007) , our data point to a novel and critical role for cell surface GRP78 during development. In support of this, we have also made the exciting observation that GRP78 is present at the surface of human ES cells where it colocalizes with Cripto. Furthermore, we have shown that an immunoneutralizing antibody that targets the Cripto binding site on GRP78 has opposing effects on Nodal and activin-A signaling similar to those observed following Cripto knockdown in NCCIT cells. Aberrantly activated developmental programs frequently give rise to tumor growth and metastasis in the adult, and our data suggest that the cell surface Cripto/GRP78 complex has a physiological role during development that is dysregulated during tumorigenesis.
Our data indicate that GRP78 is a necessary mediator of Cripto tumor growth factor activity because knockdown or antibody blockade of cell surface GRP78 prevented Cripto-dependent activation of PI3K/Akt and MAPK/ERK pathways. Cripto has been reported to activate these pathways via c-Src and we have shown here that Cripto-dependent c-Src activation in human mammary epithelial MCF10A cells is blocked by GRP78 immunoneutralization. Furthermore, our results show that shRNA knockdown or antibody blockade of cell surface GRP78 prevents Cripto from increasing cellular proliferation of NCCIT and MCF10A cells. E-Cadherin mediates calciumdependent cell-cell adhesion and its loss is associated with invasive, metastatic cancer (Peinado et al., 2007) . Importantly, we have shown that blocking cell surface GRP78 prevents Cripto-induced loss of E-Cadherin expression and cellular adhesion. Thus, our data support a necessary role for GRP78 in mediating Cripto's effects on proliferation, migration, invasion and EMT.
TGF-b ligands that activate Smad2/3 signaling can inhibit or promote tumorigenesis depending on the cellular context and on whether tumor cells have become refractory to the antiproliferative effects of the Smad2/3 pathway (Rahimi and Leof, 2007) . We have shown here that activin-A has opposing effects on cellular proliferation depending on the presence or absence of cell surface Cripto/GRP78 complexes. Activin-A had pro-proliferative effects on NCCIT cells and MCF10A cells in which cell surface Cripto/GRP78 complexes were intact but had antiproliferative effects when these complexes were disrupted by knockdown or immunoneutralization. Notably, this finding resembles our previous demonstration that coexpression of Cripto and GRP78 caused TGF-b1 to switch from having cytostatic effects to having pro-proliferative effects on PC3 prostate carcinoma cells . Nodal also increased proliferation in cells that expressed intact Cripto/GRP78 complexes but, unlike activin-A and TGF-b1, Nodal had no effect on the proliferation of cells in which Cripto/GRP78 complexes were disrupted. This difference between activin-A and TGF-b1 as opposed to Nodal likely reflects the fact that Cripto is required for Nodal signaling but not for activin-A or TGF-b1 signaling. Thus, our results indicate that Cripto and GRP78 can cooperate to promote tumor growth, in part, by facilitating mitogenic effects of Nodal and causing activin-A and TGF-b1 to switch from being cytostatic to pro-proliferative in nature.
In summary, we have shown that Cripto binding to cell surface GRP78 is required for Cripto signaling in human tumor, ES and mammary epithelial cells. Cripto and GRP78 have each been independently identified as cell surface tumor-selective targets in vivo and we have shown here that they also colocalize at the surface of hESCs. Our findings indicate that the cell surface Cripto/GRP78 complex has important functions during development and tumorigenesis. Furthermore, we demonstrate that targeting this complex represents a novel approach for abrogating tumor growth and metastasis.
Materials and methods

Detection of cell surface proteins
Protein detection via intact cell surface ELISA was performed as previously described (Gray et al., 2000) .
Immunoprecipitation and western blotting Phosphoprotein analysis was essentially carried out as previously described . Cells were grown to confluence in 24-well plates, rinsed with serum-free media and serum starved for 4 h. Appropriate inhibitors or blocking antibodies were added as indicated for 1 h. Following growth factor treatment, cells were harvested and lysates were analysed by western blot. Coimmunoprecipitation studies were carried out as previously described .
Luciferase assays
Luciferase assays were carried out in NCCIT cells using the A3-luciferase reporter as previously described (Gray et al., 2003) .
Confocal microscopy H9 cells were cultured on matrigel-coated coverslips. Staining and fixing was carried out to minimize cell lysis and maximize cell surface staining (see Supplementary materials and methods for details). Sequential scanning of each excited wavelength was utilized to prevent bleeding through between fluorochromes in analysis.
Cell proliferation assays
The Invitrogen CyQUANT Cell Proliferation kit was used according to the manufacturer's protocol. Cells were plated on 96-well plates at a density of 500 (NCCIT) or 200 (MCF10A) cells/well. Twenty-four hours later, cells were either treated with indicated combinations of blocking agents (goat IgG or anti-GRP78 (N-20)) and growth factors or left untreated in quadruplicate. Cell number was measured 8 days later.
Cripto binding assays 125 I-Cripto binding to the cell surface of NCCIT and MCF10A cells was carried out essentially as previously described (Harrison et al., 2004) . E-Cadherin expression and cell adhesion MCF10A cells were plated at 4 Â 10 5 cells/well in six-well plates. Twenty-four hours later, cells were pretreated with goat IgG or anti-GRP78 (N-20) for 1 h and then treated with 400 ng/ml soluble Cripto or left untreated. 48 h after treatment, cell lysates were analysed by western blot, as described above. Cells were also analysed for their adhesive properties using the Invitrogen CyQUANT Prolifertion kit, as recommended by the manufacturer.
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